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INTRODUCTION 
Much valuable  information concerning enzymes can be obtained by 
quantitative studies of reaction rates, in which the enzyme concentration, 
initial substrate concentration, and time are varied.  This paper deals with 
the kinetics of the digestion of hemoglobin in urea, and casein in both urea 
and aqueous solutions, by the protease of the milkweed, Asclepias speciosa. 
Some of the physicochemical properties of this new enzyme, named as- 
clepain, have been previously described.  1  In the present study, the order 
of the reaction and the nature of the enzyme-substrate intermediate were 
investigated for the digestion of hemoglobin and of casein in urea solution 
by  asclepain,  and the Schiitz-Borissov rule was  tested.  The kinetics of 
milk clotting by asdepain were also examined. 
Milk Clotting Relations 
In their study of the milk clotting action of papain, Balls and Hoover (1) 
showed that the influence of enzyme concentration on the time required for 
milk coagulation is quite accurately given  by  the  equation (E-c)t  =  K', 
where E is the weight of enzyme, t the time, and K' a constant.  The inter- 
pretation of Bails and Hoover is that c represents a constant weight of en- 
zyme which is removed from clotting action by some component in the milk 
substrate. 
This relation was  tested for asclepain by the same technique used by 
Balls and Hoover for papain.  Varying dilutions were made from a  solu- 
tion which contained 1.5 rag. asclepain per ml. and 0.05 M cysteine (at pH 7) 
* Wirmick, T., Davis, A. R., and Greenberg, D. M., Y. Gen. Physiol., 1940, 9.3, 275. 
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for activation.  The time required for one part of enzyme solution to clot 
10 parts of milk substrate (buffered at pH 7.5) was then determined for each 
dilution. 
The results are given in Fig. 1.  The amount of enzyme is plotted against 
the  reciprocal  of  the  clotting  time.  In  accordance  with  the  Balls  and 
Hoover equation, the intercept on the ordinate gives the value c =  0.08 mg. 
When this quantity is substituted in the equation, the K' values obtained 
range from  1.85  to 2.05.  For papain c was somewhat larger  (0.27  mg.). 
In the case of crystalline chymotrypsin (1), apparently none of the enzyme 
is inhibited, since the plot of E  against 1/t passes through the origin. 
Balls  and  Hoover  define  unit  clotting  activity  of  an  enzyme  as  the 
amount which will cause milk to clot in 1 minute under the conditions de- 
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FIO. 1. Effect of Asdepias protease concentration on milk clotting time 
scribed above.  Accordingly, the units per mg. enzyme are equal to 1/E.t 
=  I/K' at higher concentrations, or 1/(E-c)t  =  1/K' where the amount of 
enzyme  inactivated  is  significant.  From  the  average  value, K'  =  1.9, 
for asclepain,  1 nag. of enzyme preparation represents 0.53 clotting units. 
This value is somewhat higher than those found by Balls and Hoover with 
crude papain activated by H2S (0.21 to 0.39 units per mg.). 
Evaluation of Asclepain Activity from Enzyme Concentration Curves 
The amount of proteolysis produced by different quantities of asclepain 
in a  definite  time  was  measured  by Northrop's  casein  N.P.N.  method 
(2)  and  Anson's hemoglobin method  (3).  For  each  series  of digestions, 
different dilutions from an enzyme solution containing 1 mg. aselepain per 
ml., activated by 0.05 x~ NaCN,  were used to digest samples of the same 
protein substrate.  The data obtained are  given in Table  I. T.  WINNICK, A.  R.  DAVIS, AND  D.  M,  GREENBERG  291 
By plotting  the  amount  of enzyme  against  the  quantity  of casein  di- 
gested,  ~ the degree of proteolytic activity was compared for the 20 and 40 
minute periods.  From a line drawn tangent to the first part of each curve 
(i.e. the part which intercepts the origin), the quantities of N.P.N. in 6 ml. 
digestion mixtures  yielded by 1 rag. enzyme were read off.  These  values 
were found to be 0.58 and 0.98 m.-eq, per rag.  enzyme for the 20 and  40 
minute  digestions,  respectively.  Apparently  the  amount  of  digestion  is 
not exactly proportional to the digestion time when the latter is of  many 
minutes duration.  The activity is, in fact, better evaluated from activity- 
time curves, as is shown in the next section. 
TABLE  I 
Digestion of Casein in Water and Hemoglobin in Urea at 40  ° by Different Amounts  of 
Asclepain 
Enzyme in 6 ml. digestion 
mixture 
mg. 
1.0 
0.5 
0.33 
0.25 
0.165 
0.125 
0.065 
N.P.N. in 5 ml. digestion mixture 
20 rain. 
0.465 
0.295 
0.150 
0.090 
0.070 
40 min. 
m.-¢,~. 
0.680 
0.485 
0.260 
0.155 
0.120 
Tyrosine in 6 ml. digestion 
mixture after I0 rain. 
m.-eq. X 
14.4 
11.7 
8.9 
6.9 
3.7 
1.6 
10s 
The aqueous casein substrate contained 0.36 per cent casein nitrogen (about 2-2.5 per 
cent protein) and was buffered at pH 7.5.  The hemoglobin solution was 2 per cent in 
6.6 M urea and buffered at pH 7.0. 
The  degree  of  proteolytic  activity  as  measured  by  the  hemoglobin 
method,  was evaluated  from  a  plot  of tyrosine  color against  amount  of 
enzyme.  2  Using the  initial  slope as before, it was found that  0.036 rag. 
enzyme gave a color value of 0.001 m.-eq, of tyrosine in 6 ml. digestion mix- 
ture after a  10 minute digestion.  Anson defines one protease unit as "the 
amount which digests hemoglobin under the standard conditions at an initial 
rate such that there is liberated per minute an amount of split products not 
precipitated  by  trichloracetic  acid  which  gives  the  same  color with  the 
phenol reagent  as one milliequivalent  of tyrosine."  From this definition, 
one  asclepain  unit  is  contained  in  0.036  ×  1000  X  10  =  360 mg. of the 
enzyme preparation; or 1 mg. enzyme equals 0.0028 units. 
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A ctivity-Time Relations for A sclepain  on Casein and Hemoglobin 
Sets  of  activity-time relations  were obtained  by  digesting samples  of 
casein and hemoglobin substrates for varying times at 40  ° with the same 
amount of enzyme.  The results are summarized in Table II. 
TABLE  II 
Digestion  of Hemoglobin and  Casein at 40  ° for  Varying  Lengths of Time by a Definite 
Amount of Asctepain 
Time of 
digestion 
O.64 m..~9. 
casein 
mis. 
2  0.050 
4  0.O95 
5 
6  O. 145 
8  O. 195 
10 
15  O. 265 
20 
25 
30  O. 345 
35 
4O 
45 
50 
52  0.400 
60 
70  0.445 
80 
85  0.470 
N.P.N. in 6 ml. digestion  Tyrosine in 6 ml. digestion mixture, m.-eq. X 10  s 
mixture, m.-e¢. 
Aqueous casein substrates  Solutions  in 6.6 K urea 
at pH 7.6 
1.28 m.-eq.  2 per cent  4 per cent 
casein N  :asein pH 7.5 casein pH 7.5 
0.100 
O. 185 
0.295 
0.340 
0.535 
0.685 
0.775 
0.870 
2.45  2.90 
3.95  4.95 
6.20 
6.70  7.50 
8.45 
9.20  9.90 
io.3o 
11.45 
10.90 
! per cent 
hemoglobin 
pH  7.0 
2.25 
3.45 
4.65 
5.70 
6.15 
2 per cent 
hemoglobin 
pH 7.0 
3.20 
4.60 
6.70 
8.45 
8.90 
4 per cent 
hemoglobin 
pH 7.0 
3.85 
5.95 
8.85 
10.80 
11.75 
The enzyme solutions used were:  1 rag. asclepain per ml.  +  0.02 M Cysteine for the 
aqueous  casein  solutions;  0.5  rag.  asclepain  per ml.  of  water  for  the  casein  in  urea; 
0.165 mg. asclepain per ml.  -}- 0.05 M HCN for the hemoglobin in urea. 
The enzyme activity was calculated from the initial slopes of the plots of 
the amount of digestion against the time.  2  For the aqueous casein sub- 
strates,  the activity unit  of Northrop,  i.e.  the amount of enzyme which 
liberates N.P.N.  soluble in 5 per cent trichloracetic acid at the rate of 1 
m.-eq, per minute in the digestion mixture under standard conditions, was 
employed.  Accordingly for the substrates containing 1.28 and 0.64 m.-eq. T.  WINNICK~  A.  R.  DAVIS,  AND  D.  M.  GREENBERG  293 
casein nitrogen (per 5 ml.), the corresponding activity units per mg. as- 
clepain are 0.0475 and 0.024.  It is seen that the initial rate of proteolysis 
is directly proportional (within the limits of experimental error) to the sub- 
strate  concentration. 
Similarly, from the initial slopes of the  curves plotted for casein and 
hemoglobin in urea? the tyrosine color produced per minute in 6 ml. diges- 
tion mixture, was read off.  Taking into account the quantities of enzyme 
used, the activity units per mg., as defined by Anson for hemoglobin, were 
calculated as was done for the activity-enzyme concentration data.  The 
activity values given in Table III were obtained for the proteins in urea. 
It is seen that the initial rates of digestion in urea are not proportional 
to the substrate concentration.  This is more clearly shown by the activity- 
substrate  concentration curves given in  the next  section.  The  activity 
TABLE  HI 
Tyrosine in 5 ml. diges-  Asclepain units per mg. 
Substrate  tion mixture per minute  enzyme 
4 per cent hemoglobin .......................... 
2 per cent hemoglobin .......................... 
1 per cent hemoglobin .......................... 
4 per cent casein ............................... 
2 per cent casein ............................... 
m...tq. X lO  t 
0.80 
0.68 
0.48 
0.58 
0.48 
units X  lot 
4.8 
4.1 
2.9 
1.15 
0.95 
values are much higher for the hemoglobin solutions because the activated 
enzyme was used with this substrate,  while non-activated asclepain was 
used with the casein. 
The activity of activated asclepain in the present preparation (in hemo- 
globin units) was only about a tenth that of crystalline pepsin or trypsin and 
about half that of crystalline chymotrypsin.  ~  In terms of casein N.P.N. 
units, the asclepain activity was about equal to that of pepsin, but much 
less than that of trypsin or chymotrypsin. 
Kinetics of Digestion.--Rate equations were applied to the data of Table 
II in order to determine the order of reaction where possible.  The calcula- 
tion of velocity constants for the aqueous casein digestions showed that the 
first and third order constants fluctuate, while the second order constants 
3 The  activity  values  (taken  from  Northrop,  J.  H.,  Crystalline  enzymes.  The 
chemistry  of  pepsin, trypsin,  and  bacteriophage,  Columbia  Biological Series,  No.  12, 
New York, Columbia University Press, 1939) could be expressed in terms of rag. enzyme, 
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attain  an approximately constant value after 50 to 60 minutes.  The cal- 
culations suggest that  the reaction  approaches the  second order rate,  but 
follows no order closely or consistently. 
It is of interest that Nasset and Greenberg (4) found the rate of hydroly- 
sis of casein by acids to conform to the second order equation.  Northrop 
(5) found that under certain conditions the digestion of casein with crude 
trypsin followed the course of a first order reaction.  With purified trypsin, 
the first order constant decreased as the reaction proceeded.  For denatured 
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FIG. 2. Kinetics of the hydrolysis of casein and hemo- 
globin by Asclepias protease. 
Curves  1,  2, and  3 represent  4, 2, and  1 per cent 
hemoglobin  substrates,  respectively,  in  6.6  ~  urea. 
Curves 4 and 5: 4 and 2 per cent casein substrates,  re- 
spectively,  in  6.6 ~  urea.  Curves 6  and  7:  aqueous 
casein solutions containing  0.64 and  1.28 m.-eq, casein 
nitrogen  per 5  ml., respectively.  1/x is  expressed in 
terms of m.-eq, tyrosine  X  10  ~ for curves  I  to 5  (left 
ordinate) and by m.-eq. N.P.N. for curves 6 and 7 (right 
ordinate). 
he  found  that  the  first 
order constant decreased 
with both pure and crude 
trypsin. 
The  second  order 
equation may be written 
in the form 
1  co" 
--  ~  ----C0  Kt  x 
where  Co  is  the  initial 
substrate concentration, 
x  the  concentration  of 
product  at  time,  t,  and 
K  is  the  velocity  con- 
stant.  It  is  seen  that 
the  plot  of  lit  against 
1Ix should give a straight 
line  if  the  reaction  is 
second order. 
In  Fig.  2  the  reciprocal  of the  amount  of digestion  is plotted  against 
the reciprocal of the time  ×  100,  using the data of Table II.  The plots 
show that the second order equation describes the digestion rates of hemo- 
globin  and  casein  in  urea  fairly  accurately.  The  plots  for  the  aqueous 
casein  solutions deviate  somewhat from  a  linear  relation.  This  confirms 
the conclusion that the digestion here only roughly approaches the second 
order rate.  Plots of In  (Co-x)  against  t  (test for first order)  do not give 
straight  lines in  any case. 
Linderstr~m-Lang  (6) states that proteases catalyze a  bimolecular reac- 
tion between peptide bonds and water.  However, this does not explain the 
second order rate in urea solution, since the water is still present in so large T.  WINNICK,  A.  R.  DAVIS,  AND  D.  M.  GREENBERG  295 
an excess that its mass action effect does not change significantly during 
the  reaction. 
From the second order equation it is seen that when 1/x =  O, 
1  1 
Ce  =--~-~,  or  K  =  Cot 
This gives a  means for comparing the different velocity constants for the 
proteins in urea.  The curves in Fig. 2 are extrapolated to their points of 
intersection on the negative  lfl axis,  and the values of these intercepts, 
together with the  Co values,  4 are substituted in  the last  equation.  The 
velocity constants obtained are given in Table IV.  They do not appear 
accurately proportional to the initial substrate concentrations. 
TABLE  IV 
Substrat~  Second order constant  CoK 
4 per cent hemoglobin ........................... 
2 per cent hemoglobin  .......................... 
1 per cent hemoglobin .......................... 
4 per cent casein ................................ 
2 per cent casein ............................... 
0.017 
0.038 
0.087 
0.010 
0.017 
0.~8 
0.076 
0.087 
0.040 
0.~4 
Activity-Substrate Relations Based on the Michaelis-Menten Theory 
Lineweaver and Burk (7) have developed graphic methods for determin- 
ing dissociation constants of enzyme-substrate compounds when the data 
are  consistent  with  an  assigned  mechanism.  The  general  case  for  the 
simplest equilibrium between enzyme and substrate  may be  represented 
by the equation 
(E)(S)- 
Ka  m  -- 
(Es.)  " 
(E)  and  (ES,)  are the concentrations of free and combined enzyme, re- 
spectively,  (S)  is the concentration of substrate,  and n  is the number of 
molecules of substrate which combine with one molecule of enzyme.  The 
equilibrium constant K, represents the nth power of the substrate concen- 
tration at half the limiting velocity. 
The Michaelis-Menten equation can then be written in the form 
1  K,  1 
V=($)" +  V= 
4 These are simply taken as the percentage protein in each substrate  prior to the 
addition of enzyme.  They cannot be expressed in terms of tyrosine color values. ,/,, 
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where v is the observed initial reaction velocity and V~ a constant represent- 
ing  the  maximum  velocity  (which  theoretically  corresponds  to  infinite 
substrate concentration). 
0.3. 
0.2 
0.1, 
A plot of 1/v against 1/(S)" yields a straight line whose intercept on the 
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FIo.  3. Nature  of the enzyme-substrate intermediate of Asclepias protease with 
hemoglobin and casein. 
The velocity, v, is expressed in m.-eq, tyrosine ×  103 produced in 6 ml. digestion 
mixture in 5 minutes for the urea solutions (left ordinate), and in m.-eq. N.P.N. pro- 
duced in 6 ml. digestion mixture in 20 minutes for the aqueous casein solutions (right 
ordinate).  S  is the protein  concentration in per  cent.  All digestions were at gO  °. 
The aqueous casein digests (buffered at pH 7.5) contained 1 rag. enzyme activated with 
cysteine.  The  casein  and  hemoglobin solutions in urea,  buffered at pH 7.5  and  7.0 
respectively,  were  digested  in each  case by 0.25  rag.  enzyme (activated  by  alkaline 
cyanide). 
FIG. 4.  Test of enzyme-protein intermediate. 
The left ordinate represents the ratio of protein concentration (per cent) to tyrosine 
color value (m.-eq.  ×  108) for the urea solutions, and right ordinate the ratio of protein 
concentration  (per  cent)  to  N.P.N.  (m.-eq.). 
1/v axis is 1/Vm, and whose slope is K#V,~.  In this way K, can be at once 
evaluated.  Multiplied through by (S)", the last equation becomes 
(s) ~  K.  (S) 
T=V:+~  • 
When  (S)"/v  is plotted against  (S)% a  straight line is  again obtained• 
The intercept on the (S)"/v axis is K,/V,,, and the slope is 1/V~. 
These  graphic  methods  were  applied  to  the  digestion  of  casein  and 
hemoglobin in  6.5  ~  urea  and casein  in  water,  by  asclepain.  Different 
dilutions were made from these substrates with the aqueous buffer or the 
buffered 6.6  M urea used in preparing the initial  protein  solutions•  The 
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digestion rates for varying initial substrate  concentrations were then de- 
termined, using  the  N.P.N.  method for  the  aqueous  solutions  and  the 
tyrosine color method for the proteins in urea. 
In Fig. 3 the reciprocal of the digestion rate is plotted against the re- 
ciprocal of the protein concentration in order to determine the nature of the 
enzyme-substrate compound.  The  values  for  casein  and hemoglobin in 
urea fall fairly well along straight lines, while those for casein in water 
depart from a linear relation.  Plots using higher powers of the substrate 
concentrations do not yield straight lines.~  One may conclude from the 
results that a definite enzyme-substrate compound, consisting of one mole- 
cule each of enzyme and of substrate, initiates the hydrolysis of casein and 
hemoglobin by asdepaln in urea solution. 
In Fig. 4 where the ratio of protein concentration to digestion rate is 
plotted against protein concentration, the departure of the aqueous casein 
TABLE  V 
Substrate 
Casein in urea .................................. 
Hemoglobin in urea ............................. 
Enzyme-substrate dissociation constant 
From plot of l/v 
against 1/S 
0.65 
1.10 
From plot of Sly 
against S 
0.60 
1.05 
data from a straight line is more apparent.  The linear relations obtained 
for the proteins in urea also indicate the absence of substrate inhibition, 
since  in  cases  where  there  is  an  inactive  enzyme-substrate  compound, 
plots of (S)'~/v  against (S)" give curves that rise concavely with increasing 
substrate concentration. 
Casein in water apparently fails to form a single definite compound with 
asdepain.  It will be recalled that the digestion rate of this protein did 
not adhere closely to any reaction order.  Northrop (8) was also unable to 
obtain definite evidence for the existence of an intermediate compound of 
casein with trypsin in aqueous solution. 
Table V gives the values of the enzyme-substrate dissociation constants 
for asclepain and the proteins in urea, calculated from the graphs in Figs. 3 
and 4. 
6 Lineweaver and Burk found that plots of 1/v vs. 1/S gave straight lines for invertase, 
rafl~nase, and amylase, while for citric dehydrogenase, a  linear relation could only be 
obtained by plotting 1/v vs. 1/S.  2 298  PROTEASE  OF  ASCLEPIAS  SPECIOSA.  II 
Inhibition by Reaction Products--The Schiitz-Borissov  Rule 
As was shown many years ago by Schiitz (9) and Borissov (10) for pepsin, 
the amount of digestion produced by proteases in a given time increases as 
the square root of the enzyme concentration.  This  relation may be ex- 
pressed as 
x 
K  =  -- 
v~ 
where x is the amount of proteolysis, E  the enzyme concentration, and t 
the time. 
Arrhenius (11)  showed that this deviation from the equation of simple 
catalysis could be explained by assuming that the reaction product formed 
TABLE  VI 
Verification of the Schiitz-Borissov Rule for Asclepain on Hemoglobin in Urea 
Enzyme per 6 ml. digestion  Time required for production of 
mixture  16 X  10-~ m.-eq, tyrosine in 6 ml. of  E' t 
g  digestaon mixture 
mg. 
2.66 
2.00 
1.33 
1.00 
0.66 
0.33 
mln. 
6.0 
8.5 
13.1 
17.0 
26.5 
62.5 
16.0 
17.0 
17.5 
17.0 
17.5 
20.5 
an inactive compound with the enzyme, in accordance with the mass action 
law.  Northrop  (12)  showed  that  pepsin  and  trypsin  were  actually  in- 
hibited by the products of proteolysis, and that the Schiitz-Borissov rule 
was followed or approximated under suitable conditions, particularly when 
the concentrations of both  substrate  and product were large,  relative to 
the enzyme concentration. 
Bodansky (13) points out that the statement "the velocity of reaction is 
proportional to the square root of the enzyme concentration" is based on 
an incorrect use of the term "velocity of reaction."  He states that Schiitz's 
own data show that the velocity is directly proportional to the first power 
of the enzyme concentration, and that the square root relation holds when 
the reciprocal of the time for a  given change in the substrate is used as a 
measure of the reaction velocity. 
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in urea.  Using different amounts of enzyme, several sets of digestions were 
made at 40  ° and pH 7.0 by the hemoglobin method, with reaction times 
chosen to give as nearly as possible the same amounts of digestion.  From 
the curves representing digestions with varying amounts of enzyme,  2 the 
exact times required for the production of the color equivalent of 16 ×  10  -3 
m.-eq, of tyrosine in 6 ml. of digestion mixture filtrate  were interpolated. 
These  interpolated  times,  together  with  the  corresponding amounts  of 
enzyme, are recorded in Table VI.  It  is  seen that  the product E.t is a 
constant.  This  indicates  that  the  Schiitz-Borissov rule  applies  to  the 
experimental data, and accordingly, it appears that asclepain is inhibited by 
combination with the digestion products of hemoglobin. 
It is interesting to recall that in the case of milk dotting, where the same 
degree of change (the clotting point) is measured for different enzyme con- 
centrations, the product of enzyme concentration and clotting time is like- 
wise a constant.  It is possible that the product of milk dotting action may 
cause the inhibiting effect observed by Balls and Hoover, and that  milk 
coagulation is an example of the Schiitz-Borissov law. 
SUMMg~RY 
1.  The kinetics of milk clotting by asclepain, the protease of Ascleplas 
speciosa, were  investigated.  At  higher  concentrations  of  enzyme,  the 
clotting time was inversely proportional to the enzyme concentration. 
2.  The digestion of casein and hemoglobin in 6.6 M urea by asclepain 
follows the second order reaction rate.  The rate was roughly second order 
for casein in water. 
3.  Evaluation of the nature of the enzyme-substrate intermediate indi- 
cates that one molecule of asclepain combines with one molecule of casein 
or hemoglobin in urea solution. 
4.  Inhibition by the reaction products was deduced from the fact that 
the  digestion  velocity of  hemoglobin in  urea  solution varied  with  the 
asclepain concentration in agreement with the Schiitz-Borissov rule. 
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